Endosymbiotic acquisition of bacteria by a protist, with subsequent evolution of the bacteria into mitochondria and plastids, had a transformative impact on eukaryotic biology. Reconstructing events that created a stable association between endosymbiont and host during the process of organellogenesis-including establishment of regulated protein import into nascent organelles-is difficult because they date back more than 1 billion years. The amoeba Paulinella chromatophora contains nascent photosynthetic organelles of more recent evolutionary origin (∼60 Mya) termed chromatophores (CRs). After the initial endosymbiotic event, the CR genome was reduced to approximately 30% of its presumed original size and more than 30 expressed genes were transferred from the CR to the amoebal nuclear genome. Three transferred genes-psaE, psaK1, and psaK2-encode subunits of photosystem I. Here we report biochemical evidence that PsaE, PsaK1, and PsaK2 are synthesized in the amoeba cytoplasm and traffic into CRs, where they assemble with CR-encoded subunits into photosystem I complexes. Additionally, our data suggest that proteins routed to CRs pass through the Golgi apparatus. Whereas genome reduction and transfer of genes from bacterial to host genome have been reported to occur in other obligate bacterial endosymbioses, this report outlines the import of proteins encoded by such transferred genes into the compartment derived from the bacterial endosymbiont. Our study showcases P. chromatophora as an exceptional model in which to study early events in organellogenesis, and suggests that protein import into bacterial endosymbionts might be a phenomenon much more widespread than currently assumed.
endosymbiosis | gene transfer | plastid evolution | photosynthesis M itochondria and primary plastids were established more than 1 billion years ago in the eukaryotic kingdom by endosymbiosis from free-living bacteria. This process of organellogenesis, a consequence of the merger of two organisms into a single chimeric organism with new biochemical capabilities, had a transformative impact on eukaryotic evolution. Organellogenesis was accompanied by a massive size reduction of the endosymbiont genome with the transfer of many endosymbiont genes to the host nuclear genome by a process designated as endosymbiotic gene transfer (EGT). Critical for integrating hostendosymbiont metabolic and regulatory networks was the evolution of mechanisms for trafficking nuclear-encoded proteins into the endosymbiont-derived compartment, an evolutionary advance often considered as defining the transition from endosymbiont to genetically integrated organelle. Today, the vast majority of organellar proteins is encoded on the nuclear genome and posttranslationally targeted to mitochondria or plastids by cleavable N-terminal targeting presequences. These presequences are recognized by specialized complexes (translocon of inner and outer mitochondrial or chloroplast membranes, or Tim/Tom or Tic/Toc, respectively) that facilitate translocation of the protein across the double envelope membranes of the organelle (1) . Presequences that localize cytoplasmically synthesized proteins to plastids are called transit peptides (TPs).
A central question crucial for understanding organellogenesis concerns the evolution of the path for importing proteins into nascent organelles. The recent discovery of a Tic/Toc-independent targeting mechanism for primary plastids that depends on protein trafficking through endoplasmic reticulum (ER) and Golgi, led to the idea that organelle-targeted proteins were initially imported through the endomembrane system and that this system was gradually replaced by translocon-dependent import (2) (3) (4) . Other authors propose that ER/Golgi-mediated targeting represents a derived evolutionary feature, and that the translocon complexes evolved gradually from simpler transporters that already existed on bacterial genomes (5) . As the acquisition of organelles from free-living bacteria has remained an extremely rare process, it has been difficult to develop an experimental approach to test these hypotheses. Therefore, it is of great biological interest to identify organisms in which organelle establishment is at an earlier stage; such organisms might provide a window through which we can begin to decipher the series of events critical for plastid evolution.
Recently, the cercozoan amoeba Paulinella chromatophora was shown to have an organelle in an early stage of evolutionary development. P. chromatophora harbors two photosynthetic compartments of cyanobacterial origin, termed chromatophores (CRs), that are delineated from the "host cell" cytoplasm by a double envelope membrane and peptidoglycan layer. Recent evidence suggests that CRs evolved independently of plastids (6-9) and experienced a major genome size reduction [∼3.0 to ∼1.0 Mb (10, 11)], and that more than 30 expressed nuclear genes are the result of EGT from the CR (11) (12) (13) . Interestingly, most of the transferred genes encode small proteins predicted to have a function associated with photosynthesis and light-acclimation. In particular, the nuclear genes psaE, psaK1, and psaK2 encode low molecular mass subunits of photosystem I (PSI), which is one of the two reaction centers critical for oxygenic photosynthesis. The other nine PSI subunits are encoded on the CR genome.
As a number of proteins encoded by EGT genes of P. chromatophora likely function in thylakoid membranes, we speculated that a subset of proteins synthesized in the P. chromatophora cytoplasm would be imported into the CR (13) . In this study, we show that the nuclear-encoded PsaE, PsaK1, and PsaK2 polypeptides are synthesized in the host cell cytoplasm, imported into the CR, and associate with CR-encoded PSI subunits in functional PSI complexes. Additionally, our analyses suggest that the Golgi apparatus might function as an intermediate in trafficking of cytoplasmically synthesized proteins into CRs.
Results
Nuclear-Encoded PsaE Protein Is Localized to CRs. To determine if the nuclear-encoded PSI subunit PsaE is synthesized in P. chromatophora and if the mature protein localizes to the CR, we generated peptide antibodies against P. chromatophora PsaE and established its subcellular localization by using Immunogold EM on thin-sectioned cells. EM images of P. chromatophora cells are shown in Fig. 1 , with a transect through the cell in Fig. 1A . The cell is delineated by a cell wall or theca composed of silica scales (SSs) and a plasma membrane adjacent to the wall. Visible in the cell interior are CRs, and within CRs are carboxysomes (hexagonal bodies in the center of CR) that are surrounded by thylakoid membranes. Also apparent in this image is the centrally localized nucleus, cytoplasmically localized SSs used for construction of cell walls of daughter cells upon cell division, mitochondria, and the Golgi apparatus. Fig. 1 B and C show details of an EM image of a P. chromatophora cell Immunogold-labeled with affinity-purified α-PsaE pepC , which shows avid and specific binding to PsaE in Western blots (Fig. S1) . Most of the gold particles are located over the CR, with very few particles over the cytoplasm and nucleus. Within the CR, thylakoid membranes are densely decorated with gold particles, whereas very few localize over the carboxysomes. When preimmune serum is used as a control, gold particles appear randomly distributed over cells (Fig. 1D , and as detailed later). These results demonstrate that, in P. chromatophora, nuclear-encoded PsaE protein becomes localized to the CR, where it is likely associated with thylakoid membranes.
PsaE, PsaK1, and PsaK2 Associate with PSI. To determine whether PsaE (and the other nuclear-encoded PSI subunits, PsaK1 and PsaK2) in the CRs is associated with PSI (i.e., site of function), trimeric PSI was isolated from P. chromatophora cells and its various subunits identified. PSI subunits were resolved by SDS/ PAGE, and the identity of many of the subunits was determined by immunoblot analysis using monospecific, polyclonal antibodies raised to cyanobacterial PSI subunits (α-PsaC, α-PsaD, α-PsaF, α-PsaL) and α-PsaE pepN raised to P. chromatophora PsaE ( Fig. 2A ). PsaC formed a sharp band that colocalized with PsaE in 16% Schägger gels without urea (Fig. 2C ). To resolve PsaE and PsaC, 7 M urea was added to the resolving gel and the polyacrylamide concentration was increased to 18%; these modifications caused PsaC to migrate much more slowly than PsaE, and as a more diffuse, poorly staining band ( Fig. 2A) . PsaE identity was confirmed by N-terminal sequencing (Fig. 2B ). Other PSI polypeptides, for which no specific antibodies were available, were identified by MS (PsaA/PsaB; Table S1 ) or N-terminal sequencing (PsaK1/PsaK2). The band at approximately 5 kDa contained predominantly PsaK1 with a lower amount of PsaK2, for which not all amino acids were recovered (Fig. 2B) . N-terminal sequences defined for PsaE, PsaK1, and PsaK2 demonstrated that the mature polypeptides had the translation start site predicted from cDNA sequences, although the initiator methionine was removed from PsaE ( Fig. 2B) . Additional low molecular mass polypeptides (<5 kDa), likely PsaJ, PsaI, and PsaM, were observed when highly concentrated protein samples were analyzed. Furthermore, several minor polypeptides (between 30 and >100 kDa) of unknown identity were consistently observed in isolated PSI complexes ( Fig. 2A , lane 6); whether they are associated with PSI or just copurify with the complex is not known.
To determine if PsaE, PsaK1, and PsaK2 are specifically associated with PSI, we had to determine the purity of the isolated PSI complex. To this end, the abundance of photosystem II (PSII) polypeptides and phycobiliproteins in isolated PSI complexes were assessed by immunoblot analysis by using α-PsbA as a PSII marker and α-PB as a phycobilisome marker (Fig. 2D ). Proteins of PSII and light-harvesting phycobilisomes were strongly depleted in isolated PSI complexes. In the thylakoid fraction PSII proteins appear enriched, whereas the soluble phycobilisomes are depleted, as expected. Furthermore, abundances of individual PSI polypeptides within the isolated PSI complex were highly enriched relative to their abundance in total protein extracts (Fig. 2C) . Together, these results demonstrate that the isolated PSI complex is relatively pure, and notably, that the nuclear-encoded PsaE, PsaK1, and PsaK2 polypeptides are associated with this complex.
Nuclear-Encoded PSI Subunits Are Synthesized on 80S Ribosomes. To establish the site of translation of the nuclear-encoded PsaE, PsaK1, and PsaK2 polypeptides, P. chromatophora proteins were radiolabeled with NaH 14 CO 3 in the absence of translational inhibitors or in the presence of chloramphenicol (which inhibits translation on 70S CR ribosomes; Fig. S2 ), cycloheximide (which inhibits translation on 80S cytoplasmic ribosomes; Fig. S2 ), or both. Labeling of polypeptides with 35 SO 4 2− was precluded because PsaE has a single sulfur-containing amino acid (initiator methionine) that is cleaved from the nascent polypeptide, as revealed by N-terminal sequencing (Fig. 2B ). As shown in Fig. 3 , all components of PSI incorporate 14 C when no inhibitor of translation is added (Fig. 3B, lane 1) . The simultaneous addition of both inhibitors blocks incorporation of nearly all radioactivity into protein (Fig. 3B, lane 4) . However, if cytoplasmic translation is blocked selectively by cycloheximide, incorporation of label into PsaE and PsaK1/PsaK2 polypeptides is completely abolished (Fig. 3, arrowheads) , with some other polypeptides (e.g., PsaD, PsaA/PsaB) having somewhat less incorporation relative to the no-inhibitor control (Fig. 3B, lane 1 vs. lane 3) . If translation in CRs is blocked selectively by chloramphenicol, PsaE and PsaK1/PsaK2 still become labeled (Fig. 3, asterisks) , whereas accumulation of label in the other PSI polypeptides (PsaA/PsaB, PsaD, PsaL, and PsaF) is markedly reduced (Fig. 3B, lane 2) . The experiment was repeated twice with little variation in the results.
PsaE Is Likely Routed into CRs via Secretory Pathway. Interestingly, Immunogold studies with affinity-purified α-PsaE pepC showed specific labeling not only over CRs but also over the Golgi (labeled G in Fig. 4 A and B) . No accumulation of gold particles over the Golgi was observed when preimmune serum was used in the procedure (Fig. 4C) . These findings suggest that PsaE is transported into CRs via the secretory pathway. We did attempt to determine whether Brefeldin A, a Golgi-disrupting agent, impacts trafficking of the nuclear-encoded PSI polypeptides. Although this reagent at a dosage of 1 μg mL −1 3 h −1 strongly inhibited translation, as revealed by decreased incorporation of radioactive label into protein, there was no clear effect on Golgi morphology (as observed by EM; Fig. S3 ).
Discussion
Protein Import into CRs. By applying (i) Immunogold EM on thinsectioned P. chromatophora cells using α-PsaE antibodies, (ii) isolation and analysis of PSI complexes, (iii) and in vivo radiolabeling of proteins in the presence of translational inhibitors, we 5) , and whole-cell extracts (lanes 3 and 6) were resolved by SDS/PAGE, stained by CBB (lanes 1-3) , or transferred to PVDF membranes and subjected to immunoblot analysis by using α-PsbA, α-PB, and α-PsaE pepN . (lanes 4-6) . demonstrated that some nuclear EGT genes encode proteins synthesized in the cytoplasm and then transported into P. chromatophora CRs. When they are in CRs, the imported proteins assemble with proteins synthesized within the organelle into multiprotein complexes. To our knowledge, this is the first report of the integration of bacterial endosymbiont-host genetic and biosynthetic machineries (i.e., EGT combined with import of encoded proteins) outside of that established for mitochondria and plastids.
Previously, we (and others) hypothesized that various hostderived solute transporters were inserted into CR envelope membranes (10, 11), as membrane transport systems encoded on the CR genome are extremely limited and cannot account for the expected metabolite exchange between CR and host cell. Transcriptional/translational control of these solute transporters would allow the host to impact CR growth and performance. Both our recent data (13) , and data presented in this study, have revealed that, in addition to host control of metabolite fluxes, the host may exert direct control over CR activity by regulating the abundance of nuclear-encoded proteins involved in physiological processes that occur within CRs.
Nuclear-Encoded PSI Subunits. PsaE is a stromal subunit of PSI that facilitates the interaction between ferredoxin and PSI; residues R9 and R39 of PsaE of Synechocystis sp. PCC 6803 are directly involved in this interaction (14) . In contrast, the function of PsaK, an integral membrane protein of PSI, is not known (15). Our observations imply that PsaE and PsaK1/PsaK2 are functional within CRs. First, all three subunits are assembled into PSI complexes. Second, the functionally important PsaE residues R9 and R39 of PCC6803 are conserved in P. chromatophora.
It was previously shown that there can be some decline in the levels of newly synthesized plastid-encoded polypeptides of a plastid protein complex when an inhibitor is used to specifically block the synthesis of nuclear-encoded subunits of that complex (16, 17) . The potential reason for this phenomenon is that, when one subunit of a complex is not synthesized, other subunits may be poorly integrated into the complex (even if they are synthesized), as integration may depend on the interaction of the newly synthesized subunit with a subunit already in the complex. Furthermore, when polypeptides of a complex do not efficiently assemble, specific regulatory mechanisms may limit the synthesis of other subunits of that complex (18) . Overall, these findings could explain the observed decrease of newly synthesized PsaA/PsaB and PsaD polypeptides in isolated PSI complexes labeled in the presence of cycloheximide (Fig. 3) .
A fascinating question concerns the identification of factors that govern which endosymbiont genes first become stable, functional entities in the genome of the host organism. Sequence analysis of the CR genome and a set of more than 3,500 nuclear expressed sequence tags of a second Paulinella strain, Paulinella FK01, revealed differential gene transfer between the two Paulinella strains (11, 12) . Although psaE was transferred to the host genome in both strains, psaK still resides on the CR genome of Paulinella FK01. In contrast, although the psaI gene (encoding another low molecular mass PSI subunit) of Paulinella FK01 was transferred to the nuclear genome, it resides on the CR genome of P. chromatophora CCAC 0185. Furthermore, PsaE and PsaK are both nuclear-encoded in the Viridiplantae whereas they are plastid-encoded in red algae. These findings suggest that there is no pronounced functional pressure to specifically move psaE or psaK genes into the host nucleus. However, we note that only low molecular mass PSI subunits have been transferred to the nucleus, suggesting, as previously noted (13), a bias in P. chromatophora for EGT of small genes. It is unclear if this bias originates from size restrictions imposed by the protein import mechanism or it reflects a decreased probability of large gene sequences exiting the CR and arriving in the nucleus physically intact.
Trafficking Through Golgi. Movement of proteins from the P. chromatophora cytoplasm into CRs requires that the proteins traverse two membranes, the outer one most likely derived from the host phagocytotic membrane and the inner one homologous to the cyanobacterial inner membrane (10). Although we were unable to use Brefeldin A to study protein trafficking in detail because it did not disrupt Golgi morphology in P. chromatophora, Immunogold labeling with α-PsaE pepC revealed significant accumulation of gold particles over Golgi membranes, raising the possibility that trafficking of PsaE into CRs might involve vesicular transport through the Golgi. The high specificity of the affinity purified α-PsaE pepC observed in Western blots, and the fact that no accumulation of signal over the Golgi was noted with the preimmune serum control, strongly suggest that the increased number of gold particles over Golgi membranes reflects PsaE accumulation in that compartment.
Nuclear-encoded proteins imported into plastids surrounded by three envelope membranes [i.e., complex plastids of euglenophytes and peridinin-containing dinoflagellates that are derived A) . Note the decoration of Golgi with gold particles (crisp black dots). (C) Statistical analysis of gold particle densities over CRs (Cr), Golgi (G), and other cell compartments (oC) in cells Immunogold-labeled with α-PsaE pepC or with preimmune serum. Displayed are mean and SD; n = 6. One-way ANOVA with repeated measures for antibody treatment revealed differences for mean gold particle densities in CR, Golgi, and other cell compartments [F (2, 5) = 129.6; P < 0.001]; for preimmune treatment, no significant differences were found [F (2,5) = 1.282; P = 0.32]. (*P < 0.001, Holm-Sidak test.) M, mitochondria; N, nucleus; PM, plasma membrane; T, theca.
from algae with primary plastids through secondary endosymbioses (19) ] were shown to passage through the Golgi (20, 21) . Plastid proteins synthesized in the cytoplasm of these algal cells have Nterminal, bipartite presequences composed of an ER-targeting signal [signal peptide (SP)] and a TP-like sequence. The discovery that more than 8% of the Arabidopsis plastid proteome have SPs rather than TPs revealed that a secretory system-dependent pathway for protein import is not restricted to complex plastids (22) . Although some of these plant proteins appear to be attached to the outer envelope membrane (23), for others, Golgi-mediated plastid import was biochemically demonstrated (4, 24) .
Another intriguing example of protein targeting is represented by the nonobligate endosymbiotic nitrogen-fixing bacterium Rhizobium. Rhizobia within host-derived membrane vesicles in nodules of the legume Medicago truncatula take up peptides that evolved from effectors of the plant's innate immune system (25) . These peptides have N-terminal SPs and are imported through the secretory pathway into the bacteria, where they trigger dramatic morphological and physiological changes. Details of the transport mechanism have not been established.
Targeting Signals. Even though import of cytoplasmically synthesized proteins through the Golgi occurs in many biological systems, it is surprising that the PsaE, PsaK1, and PsaK2 polypeptides (deduced from full-length mRNA sequences) of P. chromatophora do not appear to have SPs, even if noncanonical start codons are considered (discussed in detail in refs. 13, 26; Fig. 2B ). In addition, N-terminal sequencing of PsaE, PsaK1, and PsaK2 performed in this study demonstrated that the start of the mature protein was predicted correctly and that no cleavable SP occurs downstream of this start. Thus, the mechanism for targeting PsaE, PsaK1, and PsaK2 does not appear to depend on SPs. However, there are various presequence-independent protein import pathways that depend on internal targeting signals; such signals have been identified for mitochondrial membrane proteins (27) . Furthermore, nuclear-encoded proteins without SPs or TPs have been identified in proteomes of primary and complex plastids (22, 28) . The mechanism for importing these plastidal proteins is not known. Interestingly, for "tail-anchored" proteins (i.e., proteins anchored to a membrane by a single C-terminal transmembrane domain), SP-independent insertion into the ER has been observed; a posttranslational, partner protein-dependent mechanism of targeting and insertion has recently been described (29) .
PsaK1 and PsaK2 have a C-terminal transmembrane domain that might function as an internal cryptic targeting signal. However, PsaE is a soluble protein that associates with PSI subunits and does not have any known sequence that likely functions in targeting. Clearly, additional information is required to elucidate mechanisms involved in targeting proteins to CRs.
Relevance to Other Endosymbiotic Systems. Numerous obligate bacterial endosymbionts, widespread over the eukaryotic tree of life, provide their host with a range of physiological functions (30, 31) . Common to these systems is a reduction in the size of the endosymbiont genome (30) which, in extreme cases, may be as little as 0.16 Mb (32). There is also increasing documentation of the occurrence of EGT in these symbiotic interactions (33) , although the import of host-synthesized EGT proteins into resident "endosymbionts" has not been demonstrated. The reduced genomes of many of these endosymbionts do not encode many essential genes, and endosymbiont survival within host tissue appears to depend on metabolite transfer from the host to the endosymbiont. In some cases, the genome reduction has been accompanied by a loss of genes involved in DNA replication, transcription, and translation, i.e., functions required by endosymbionts that are not easily compensated for at the metabolite level (34, 35) . These findings make it almost certain that hostencoded proteins are delivered to the endosymbiont, and that this phenomenon is widespread in nature. An interesting question that arises from the observed import of host peptides in rhizobial endosymbionts and from the finding that many hostderived transporters are likely to be inserted into CR envelope membranes, is whether host-originating rather than endosymbiont-originating proteins (encoded by EGT sequences) are the first targeted to the endosymbiont/nascent organelle. A scenario in which host proteins are readily targeted to and function within the endosymbiont would explain the loss of endosymbiont independence in many developing associations, and an evolutionary path in which the host organism can coopt endosymbiont functionalities.
Conclusion
With a growing knowledge of endosymbiotic systems, the border between organelles and endosymbionts has been blurred. The import of host-encoded proteins into many bacterial endosymbionts must occur based on the limited repertoire of genes on endosymbiont genomes. We present evidence that EGT proteins of P. chromatophora are synthesized on cytoplasmic ribosomes and transported into the CR, and assemble into functional complexes. Trafficking does not appear to depend on a cleavable presequence, although our initial data suggest that proteins routed to the CR pass through the Golgi. Our characterizations identify P. chromatophora as a potentially powerful model for empirically elucidating evolutionary aspects of organelle establishment, maintenance, and maturation. A comprehensive identification of imported CR proteins and their functional features and phylogenetic origins, and the establishment of targeting and import pathway(s) for cytoplasmically synthesized proteins will provide new insights into mechanisms that host cells use to "enslave" bacterial symbionts and provide general information concerning the way in which a homeostatic, synergistic association between the biochemical capacities of an endosymbiont and its host cell can develop during the process of organellogenesis.
Materials and Methods
Strain and Growth Conditions. P. chromatophora strain CCAC 0185 [a subisolate of strain M0880/a (10)] was grown at 17 8C in Fernbach flasks containing 0.75 L Waris-H culture medium (36) supplemented with 1.5 mM Na 2 SiO 3 . Cultures were maintained in a light/dark cycle (14/10 h) at an intensity of approximately 10 μmol photon m −2 s −1 .
Primary Antibodies. α-PsaE pepN and α-PsaE pepC , raised against synthetic peptides corresponding to N-and C-terminal sequences of PsaE from P. chromatophora, were purified by (NH 4 ) 2 SO 4 precipitation followed by dead Sephadex column chromatography or affinity-purified. Antibodies against other cyanobacterial PSI subunits were provided by Gaozhong Shen (Pennsylvania State University, University Park, PA) (α-PsaC and α-PsaD) and Wade Johnson (Susquehanna University, Selinsgrove, PA) (α-PsaF and α-PsaL), whereas antibodies against the PSII D1 protein (α-PsbA) were obtained from Agrisera (AS05-084). The α-PB is a mixture of antibodies to phycocyanin and allophycocyanin subunits generated in the Stanford Animal Facility (by A.R.G.). All primary antibodies were polyclonal and raised in rabbits.
Postembedding Immunogold EM. Ultrathin sections (∼60 nm) of P. chromatophora cells embedded in LR White resin (Polysciences) were Immunogoldlabeled with affinity-purified α-PsaE pepC (1:5) or, as a control, preimmune serum (1:500; justification of this dilution is shown in Fig. S4 ). Primary antibodies were reacted with goat α-rabbit IgGs conjugated with 15-nm gold particles. Samples were contrasted with uranyl acetate and lead citrate (37) . Micrographs were taken with a Jeol JEM-1400 transmission electron microscope. For statistical analysis of gold particle distribution, montage images of whole-cell sections were created at a magnification of 5,000× by using SerialEM software (38) ; images were subdivided into different cell compartments, and gold particles over these compartments were automatically counted by using ImageJ software (http://rsb.info.nih.gov/ij/).
Isolation of PSI. Trimeric PSI was isolated from P. chromatophora essentially as described for Synechococcus sp. PCC7002 (39) . Protein concentration of PSI samples was determined in triplicate by using the BCA assay (BioRad).
SDS/PAGE 4× loading buffer [150 mM Tris-HCl, pH 7.0, 12% (wt/vol) SDS, 30% (vol/vol) glycerol, 6% (vol/vol) β-mercaptoethanol, 0.05% Coomassie brilliant blue G-250 (CBB; Serva)] was added to the samples (three volumes of sample to one volume of loading buffer), which were then mixed, snapfrozen in liquid nitrogen, and stored at −80 8C until they were used.
SDS/PAGE and Protein Identification. Proteins of isolated PSI were solubilized by boiling for 1 min in loading buffer and resolved by SDS/PAGE on 16% polyacrylamide gels or 18% polyacrylamide, 7-M urea gels with a discontinuous Tris-Tricine buffer system [i.e., Schägger system (40)]. For Western blots, proteins were transferred to PVDF membranes and analyzed by using an enhanced chemiluminescence assay (GE Healthcare) after incubation with primary antibodies. For mapping peptide masses, PSI polypeptides resolved by SDS/PAGE on an 18% Schägger gel containing 7 M urea and stained with SYPRO Ruby (BioRad) were excised from gel, and MS was performed at the protein facility of Stanford University. For N-terminal sequencing, PSI polypeptides were resolved in the same way, but with 2 mM mercaptoacetic acid in the cathode buffer to scavenge N-blocking free radicals. Protein bands were blotted onto PVDF membrane, stained with CBB acid-free, destained in 50% methanol/10% acetic acid, and rinsed with dH 2 O. N-terminal sequences of purified polypeptides were determined by Edman chemistry on a Procise liquid-pulse protein sequenator (Applied Biosystems) at the protein facility of Stanford University.
In Vivo Radiolabeling. P. chromatophora cells were radiolabeled over a period of 6 h by using 5 μCi/mL NaH 14 CO 3 . For inhibition of translation, cells were incubated with chloramphenicol (100 μg/mL) and/or cycloheximide (1 μg/mL) during the labeling period. PSI complexes were isolated as described earlier, the polypeptide subunits resolved by SDS/PAGE, and the label in the polypeptides visualized by using a Typhoon scanner (Amersham Biosciences). More details of study protocols are provided in SI Materials and Methods.
